As a new method for controlling aerodynamic characteristics of space vehicles at hypersonic speeds, repetitive pulse discharge is generated at the nose part of a hemisphere model and the flow control effect was investigated both with hypersonic wind tunnel experiments and numerical simulation based on 2-D axisymmetric Navier-Stokes equations. It was revealed that 10-kHz repetitive pulse discharge would cause bow shock oscillation, which was observed in high-speed schlieren pictures. Similar shock oscillation was also observed in the numerical simulation results where the discharge effect was replaced with repetitive temperature increase at electrodes. The averaged force acting on the hemisphere model was evaluated and it was shown that the time-averaged surface pressure is slightly less than that in case of no pulse discharge except at the surface of electrodes. The results suggest that pulse discharge generated at the stagnation area can modify the pressure distribution over a space vehicle.
Introduction
When a space transport vehicle cruises at hypersonic speeds, it suffers from severe aerodynamic heating near its stagnation point. To avoid such heating, the nose part of hypersonic vehicles have blunt nose for their front surface shapes. However, such blunt nose experience large drag force because of high stagnation pressure and large front surface area.
In order to reduce drag force acting on a blunt nose of space vehicles, some drag reduction techniques are under development. The aerospike technique 1) will effectively reduce drag force acting on a blunt nose. In this technique, a thin spike will be attached at the stagnation point and a oblique shock formed at the tip of the spike will change the bow shock shape into a oblique shock, eventually reducing the drag force. However, the spike will suffer from much intensive heating because of smaller nose radius than that of the main body. To avoid huge heat load at the spike, a virtual aerospike technique is also studied as one of the drag reduction methods 2) . In the virtual aerospike, a laser beam is focused some distance ahead of the nose to generate repetitive detonation waves. Flow disturbance caused by the repetitive shocks will transform the bow shock into an oblique shock ahead of the blunt nose. Although the virtual spike method is successful in reducing the drag, it is necessary to equip with a complex laser and optics systems at the nose and it will result in an increase in weight for space vehicles. In order to overcome these problems, we focus on flow actuation effect of plasma discharge.
Plasma actuation as a method of flow control is drawing a good deal of research attention in recent years because of its advantage in quick response time and its capability in a variety of flow speed regimes from low subsonic flow to hypersonic flows 3, 4) . In this work, repetitive pulse plasma discharge on the surface of a blunt nose is examined as a drag reduction method. Here, it is expected that the repetitive discharge near the stagnation region will cause a flow disturbance and thereby shock position would be moved ahead, finally causing surface pressure change.
The purpose of this research is 1) to investigate the effect of repetitive pulse discharge on the flowfield around a hemisphere and 2) to qualitatively estimate the pressure change with numerical simulation.
Experimental Investigation

Experimental setup
The flow control effect of repetitive plasma discharge on the surface of a hemisphere model was investigated with a hypersonic wind tunnel experiments. The geometry of the hemisphere model is illustrated in Fig. 1(a) and its pictorial view is shown in Fig. 1(b) . The hemisphere model is made of heat-resistive synthetic resin with 30-mm diameter. It has a pair of 3-mm electrodes with 5-mm gap length. The upper-side electrode was a cathode and the other one was an anode. The model was kept at an angle of attack of 0 degree during the wind tunnel test. The electrodes were connected to a high-voltage power supply, Matsusada Precision Inc.: HEOPS-10P2-LC. The power supply accepts a signal from a function generator and amplifies the signal up to the amplification factor of 1000. The maximum current supplied by the power supply was 2.0 mA. In this experiment, the signal from the function generator was a square wave of 10-kHz frequency, 10-percent duty cycle, and with a range of 0 to 10 V. A schematic drawing of the experimental setup is illustrated in Fig. 2 . Wind tunnel experiments were carried out at Kashiwa Hypersonic and High-Temperature Wind Tunnel 5) at the University of Tokyo. The specification of this wind tunnel is summarized in Table 1 . This wind tunnel offers hypersonic flows of Mach 7 and 8, with stagnation pressure up to 950 kPa and stagnation temperature of 1000 K at maximum. In this experiment, a flow Mach number was set to 7, the stagnation pressure was around 950 kPa, and the stagnation temperature varied from 550 K to 620 K during the test. The Reynolds number based on the diameter of the hemisphere model was about 1.0 x 10 5 . During the wind tunnel test, a flow visualization measurement was conducted using an optical setup. The flow field was visualized with a high-speed camera, Phantom Miro M310, at a frame rate of 39,000 fps with an exposure time setting of 10 sec.
The resolution of the image was 256 x 256 pixels. The stagnation zone of the hemisphere model was magnified with a telephoto lens, Tamron SP150-600mm F/5-6.3DiVC USD.
Flow visualization result
The flow visualization results are shown in Fig. 3 , where black trapezoids indicate approximate locations of electrodes.
As it is seen in Fig. 3 , shock oscillation was observed. In order to see the shock dislocation clearly, the pictures of t = 0 s and t = 25.6 s were extracted and edge detection filter was applied to identify the shock location. Blue lines in Fig. 4 shows image processing result at t = 0 s and red lines shows those at t = 25.6 s. It can be seen that the shock location, at upstream side of the electrodes, slightly changed because of the repetitive discharge. In the schlieren picture, it is understood that, first, the shock wave moves ahead near the electrodes' location, especially at upstream of electrodes. After that, the shock wave at the downstream side will also move ahead but the shocks near the electrode go back to previous location. Therefore, it is expected that the high-frequency shock oscillation may cause some changes in the surface pressure, which will be investigated with numerical analysis in the next section.
Numerical Investigation
Numerical procedure
In order to understand the observed phenomenon, CFD analyses were conducted to qualitatively simulate the shock oscillation observed in the experiment.
The problem was simplified to be a 2-dimensional axisymmetric problem. The schematic diagram of the computational domain is illustrated in Fig. 5 . The governing equation was selected to be a 2-dimensional Navier-Stokes equations. Regarding computational schemes in the simulation, the time integral was conducted with 3rd-order 3-step TVD Runge-Kutta scheme 6) , the advection terms were evaluated with Liou's AUSM+up all-speed scheme 7) combined with 3rd-order MUSCL interpolation method, and the viscous terms were discretized with 2nd-order central difference scheme.
In the wind tunnel experiment, the imposed voltage between the electrodes was 10 kV at maximum and is much larger than the breakdown voltage. Hence, it is expected that there should have been spark or discharge taking place at every repetitive discharges. It is well known that, in such a discharge phenomenon, the temperature over electrodes increases a lot because of the formation of sheath region and thereby it would be reasonable to replace the discharge effect with temperature disturbance at the surface wall boundary of the hemisphere. Since the imposed discharge energy in the experiment was rather small compared with the enthalpy of Mach-7 hypersonic flow, it can be assumed that even if the wall temperature increases because of the discharge, the electrodes' wall temperature is not much higher than the stagnation temperature. Therefore in this simulation, the repetitive discharge was replaced with a temperature disturbance where the surface temperature becomes as the same temperature as the stagnation temperature of 600 K. This temperature condition was imposed at 10 kHz with 10-percent duty cycle as in the hypersonic wind tunnel experiment. Other than the electrode location, the wall boundary was assumed to be a 300-K constant temperature wall.
It should be stated that pulse discharge was imposed at 10-kHz frequency with 10-% duty cycle as in the experiment. This means that the wall temperature condition over electrodes' location was changed to 600 K when t=0s to 10s and was set back to 300 K from t=10s to 100s. The time interval t for a single time step in this CFD was equal to 1.75 ns and was small enough to resolve the change in flow field caused by the repetitive discharge.
The computational grid has 101 x 101 points and is illustrated in Fig. 6 . It should be stated that the simulation assumes that the phenomenon is a 2-dimensional axisymmetric problem whereas the actual experiments are 3-dimensional problem. Therefore, the computational result could show the phenomenon in an emphasized way.
Numerical result
The computational analysis was conducted for the following two cases: Case 1: Steady-state flow field without repetitive discharge effect. Case 2: Flow field with repetitive discharge effect at 10-kHz with 10-percent duty cycle.
The computational result for pressure distribution of case 1 is illustrated in Fig. 7 . It is seen that a bow shock is formed ahead of the hemisphere. The result for pressure distribution of the case 2 is shown in Fig. 8 . In case of repetitive discharge, the flowfield becomes highly unsteady. The shock wave generated at the electrode location propagates in the upstream direction changes the bow shock shape. The bow shock location slightly moves ahead but after the repetitive discharge vanishes, the shock moves to the original position. The shock shape looks similar to the one observed in the schlieren picture taken at the wind tunnel.
To understand the change in the flowfield, the streamlines were drawn for cases 1 and 2 together with density contours as shown in Fig. 9 .
It is easily seen that the streamlines in case 1 in Fig. 9 (a) flow smoothly along the surface of the hemisphere whereas in case 2 in Fig. 9(b) indicates that the disturbance at t=0 pushes the streamlines upstream and the subsequent shock dislocation in the upstream direction can be seen, similar to the ones observed in the experiments. It is understood that impulsive heating to the surface flow causes the flow separation over the electrodes' location as in Fig. (b) at time t=2.62s, forcing the streamlines to avoid the separation zone and to push the shock ahead. This observation implies that the surface pressure is significantly affected by these changes in the flowfield.
In order to understand the surface pressure change induced by the repetitive discharge, the surface pressure distribution is plotted in Fig. 10 . In Fig. 10(a) , red line shows the surface pressure at t=0 when the repetitive discharge have just started. Blue line shows when the discharge is active and it is seen that the pressure highly increases because of enhanced wall temperature. Green line shows the pressure distribution at t=17.5s when the discharge is inactive. It suggests that when the discharge is stopped as in t=17.5s, the pressure quickly decreases and its distribution becomes very similar to that of the steady-state case without discharge indicated by the black line in Fig. 10(a) .
In Fig. 10(b) , red line shows the averaged pressure in the case of repetitive discharge and the blue line shows the steady state case. It is understood that the surface pressure increases for about twice at around the electrodes. This is not beneficial with respect to drag reduction purpose but it is useful in generating steering moment for aerodynamic control. It is also seen that the pressure at just downstream the electrode and at the stagnation point slightly decreases. It is expected that the surface pressure over the electrodes would decrease if the duty cycle for the repetitive pulse were reduced. 
Conclusion
In order to clarify the flow control effect of repetitive pulse discharge at the stagnation zone of a hemisphere, hypersonic wind tunnel experiments were conducted to visualize the shock dislocation. The high-speed schlieren pictures showed a shock oscillation ahead of the nose. CFD simulation was also conducted by replacing the discharge effect with temperature disturbance to further understand the phenomenon. Computational results suggested that, unlike the initial expectation, surface pressure increases especially at the electrodes' location but the pressure increase might be useful for aerodynamic control for the vehicle by generating steering moment.
